The Nanga Parbat Haramosh massif (NPHM) is located in the western syntaxis of the IndiaEurasia collision zone and is subject to erosion rates that are so extreme as to impact the isostatic equilibrium of the massif. In order to investigate the interaction between large scale tectonic forces and local isostatic processes, we employ a Rayleigh wave tomography method to measure phase velocities within the massif and surrounding region at crust and mantle depths. Our inversion solves for phase velocity anomalies by representing perturbations in the wavefield as the interference of two plane waves. Our data set was obtained from a temporary seismic array deployed in 1996 and includes 53 teleseismic events with M w ≥ 5.0, at periods from 20 to 79 s. Phase velocities at short periods are low, ranging from 3.2 km s −1 at 20 s, and increasing gradually to 3.5 km s −1 at 40 s. These velocities are 11 per cent lower than velocities observed in the Indian continental Plate at periods below 45 s. Above 50 s, phase velocities in the Nanga Parbat region are significantly higher, ranging from 3.7 km s Shear wave inversions produce significantly low velocities in the upper crust of the NPHM but exceed average lithospheric velocities below the Moho. We suggest the combination of anomalously low velocities in the upper crust and high velocities at lithospheric depths is due to rapid exhumation of deep crustal material causing elevated geothermal gradients. Azimuthal anisotropy shows a NNW-SSE fast direction at 1.5 per cent peak to peak for periods from 22 to 80 s. This suggests deformation occurs at lithospheric depths, that is driven by large scale stresses of the India-Eurasia collision zone, along an axis parallel to the least principal stress direction.
I N T RO D U C T I O N
Nanga Parbat is the ninth-tallest mountain on Earth at 8126 m and is located in the western syntaxis of the Himalayas, a continentcontinent collision zone that has undergone rapid orogenesis at a rate of 3-4 mm yr −1 over the last 10 Ma (Whittington 1996) . This makes it an ideal location to investigate dynamics between tectonic uplift, isostatic equilibrium, and erosion (e.g. Zeitler et al. 2001; Koons et al. 2002) . It has been theorized that Nanga Parbat is undergoing a feedback process where unloading from erosion triggers an isostatic * Now at: The Department of Environmental Engineering and Earth Sciences, Clemson University, Clemson, SC 29631, USA. response and rapid uplift, reinforcing the severity of the erosional process (Zeitler et al. 2001) . This continuous uplift process rapidly exhumes hot material from depth. Although surface observations of erosion and crustal uplift are consistent with this model (Craw et al. 1994; Zeitler et al. 2001) , it is not clear to what depth these forces are active in the lower crust or deeper lithospheric mantle.
The collision of the Eurasian and Indian plates form the Himalayan orogenic zone which is aligned along a NW-SE axis. The formation of a tectonic syntaxis is observed at either end of the collision zone (known as the Nanga Parbat syntaxis in the west and the Namche Barwa syntaxis in the east) displaying high elevations and extreme relief caused by extreme pressure focused at the corner of the northward moving Indian Plate known as an indentor (Molnar & Tapponnier 1978; Tapponnier et al. 2001) . The Indus river transports sediments several thousand miles from the extreme elevations of Nanga Parbat to the Arabian sea, facilitating some of the highest bedrock incision rates worldwide, with reported values as high as 2-12 mm yr −1 (Burbank et al. 1996; Shroder & Bishop 2000) .
The NPHM is a structural half-window and consists of a northeast-southwest striking antiform bounded on the northwest, north and east by the Main Mantle Thrust (MMT), on the west by the Raikhot fault, on the southwest by the Diamir shear zone, and on the southeast by the Rupal shear zone (Schneider et al. 1999) . The Diamir and Rupal shear zones dip inward towards each other, forming a crustal-scale pop-up structure. Structural evidence in the Diamar and Rupal shear zones indicate that the core of the Nanga Parbat Haramosh massif is moving northwest, overthrusting the Kohistan-Ladakh terrane (Butler & Prior 1988; Zeitler et al. 1993) , an accreted island arc which formed in the Tethys ocean and sutured to the Eurasian continent along the Main Karakorum Thrust (MKT) during the Mid-Cretaceous. Crustal thickness in the NPHM and the Indian Plate south of the MMT is moderate for the Himalayas at 40-50 km (Verma & Prasad 1987; Meltzer et al. 2001) . North of the MKT in the Eurasian Plate, crustal thickness increases to 70-80 km (Beloussov et al. 1980; Kaila et al. 1982 Kaila et al. , 1984 . While crustal uplift may be active in the NPHM, it is not accompanied by crustal thickening.
Uplift of the NPHM is thought to have proceeded slowly over the past 50 Ma, following accretion of the Kohistan-Ladakh arc approximately 50 Ma. Geochemical studies indicate exhumation increased substantially to rates of 3-4 mm yr −1 during the last 10 Ma (Whittington 1996) . Uplift is suggested to have increased even further in the recent 1-4 Ma to rates of 4-8 mm yr −1 as indicated by fission track closure, U/Pb migmatization, and fluid inclusion studies (Zeitler et al. 1982 (Zeitler et al. , 1993 Winslow et al. 1994) . By comparison, uplift rates in the main Himalayas and the region surrounding the syntaxis are significantly lower ranging from 0.3 to 1.0 mm yr −1 (Zeitler 1985; Hubbard et al. 1991) . In order to determine whether this degree of uplift is due to collisional or isostatic forces, we use surface wave tomography methods to study seismic velocity structure in the crust and mantle beneath the NPHM and surrounding regions. We explore the question of whether lower crustal flow (Royden et al. 1997; Clark & Royden 2000; Klemperer 2006; Rippe & Unsworth 2010) or mass removal and isostatic uplift (e.g. Zeitler et al. 2001; Koons et al. 2002) of hot material from depth is causing depressed seismic velocities around Nanga Parbat. We also consider the India-Eurasia collisional event at a larger, regional scale to determine whether deformation exists at crustal depths, and is responsible for the extreme topography in this region or whether deformation extends deeper into the lithosphere.
DATA A N D I N V E R S I O N T E C H N I Q U E
We employ Rayleigh wave tomography, using a two-plane wave method and finite frequency analysis (Forsyth & Li 2005; Yang & Forsyth 2006) . We consider Rayleigh waves at periods ranging from 20 to 79 s. This study uses an array of 10 broad-band seismometers ( Fig. 1) , deployed from 1996 June to September (Meltzer et al. 2001) in a challenging mountainous terraine that remains inaccessible today. We use 53 teleseismic events, with magnitudes M w > 5.0 and distances 30-120
• (Fig. 1 inset, upper left-hand side). An ideal distribution of earthquakes contains events from a full range of azimuths to produce a high density of crossing ray paths and test for azimuthal variations in velocity. The equidistant plot in Fig. 1 shows an excellent azimuthal distribution, with some gaps in the northwest and southern azimuths. Ray path coverage in the study area is shown in Fig. 2 . The distribution of crossing ray paths is concentrated near the NPHM, where the majority of our stations were deployed. Good crossing ray path coverage also extends beyond the NPHM to the east, south onto the Indian Plate, and moderate coverage west of the NPHM. We filter each seismogram at 11 different frequencies with a 4th order Butterworth narrow bandpass filter, which has corner frequencies 10 mHz apart, centred at the frequency of interest. Each seismogram is then windowed and cut around the Rayleigh wave to separate it from other arrivals. Our data has good signal quality with an average of 4:1 signal-to-noise ratio.
We solve for phase velocity (C) using a two plane wave approximation (see method details in Weeraratne et al. 2003; Forsyth & Li 2005) . Perturbations in the wave field are represented by the interference of two plane waves of the form
where U z (ω) is the vertical displacement, k 1 and k 2 are the horizontal wave numbers for each wave, x is the position vector and t is time.
The initial phase at a reference station, amplitudes A 1 and A 2 for each of the two plane waves are the model parameters in addition to the isotropic, B 0 , and the anisotropic phase velocity coefficients B 1 and B 2 at each nodal point. The azimuthally anisotropic phase velocity, C depends on frequency, ω, and direction, θ , given by
Although our inversion solves for velocity continuously throughout the study area, we designate a discrete set of gridnodes for flexibility in spatial resolution of velocity. Closely spaced gridnodes are located at the centre of the study area where we have the highest density ray path coverage. A lower density border of nodes is defined to absorb deviations from the two-plane wave approximation. We perform three sets of sequential inversions each using the phase velocity result from the previous step to build in a priori information and better constrain each inversion. The first set of inversions solve for 1-D phase velocity at each period, obtaining a single bestfitting average velocity for all nodes. We use an initial starting model (Fig. 4a , dashed line) consistent with previous studies for the Indian continent (Mitra et al. 2006) . In this step, we also solve for station amplitude corrections which indicate constant amplitude corrections are necessary and are applied for stations DMB2, DMB02 and SAB01. In a second set of inversions, we use the 1-D result from the previous inversion as the starting model to solve for phase velocity variations across the study area. Nodes are divided into two regions defined by the major tectonic boundary of the MMT (see Fig. 3 ) and are restricted to vary as a group within each region thereby embedding a priori geological information into the inversion. In the last set of phase velocity inversions, we use the phase velocity results obtained for each geological region as the starting model and allow each node to vary independently. This provides additional a priori information to help constrain the increased number of model parameters. In this last step, we solve simultaneously for anisotropy averaged over the study area. The 2-D inversions use sensitivity kernels from previous studies, based on finite frequency analysis (Zhou et al. 2004; Yang & Forsyth 2006 ). This approach is based on a single-scattering Born approximation and uses both amplitude and phase to determine phase velocity. Finally, we invert phase velocity for shear wave velocity using an inversion technique described in Section 6.
O N E -D I M E N S I O N A L P H A S E V E L O C I T Y
Phase velocities, shown in Fig. 4(a) , are low for all periods below 45 s starting at 3.2 km s −1 at 20 s and increasing gradually to 3.5 km s −1 at 40 s (also see Table 1 ). The dispersion curve has a shape that is concave up below 45 s, indicating the rate of change in velocity increases with depth. Phase velocities at short periods in Nanga Parbat are as much as 11 per cent lower than average Indian continental crust (Mitra et al. 2006 ). This deviation gradually reduces from 11 to 4 per cent at higher periods between 40 and 65 s where velocities of 3.7 km s −1 at 45 s increase to 4.0 km s −1 at 79 s. This indicates sensitivity to the transition from the crust to the mantle. Above 60 s, velocities may be 4 per cent lower than Indian Plate lithospheric velocities but are consistent with the Indian Plate (Mitra et al. 2006) within error. The step jump between 40 and 45 s corresponds to predicted regional Moho depths (where peak depth sensitivity is roughly 1/3 of the wavelength ranging from 40 to 60 km in Nanga Parbat and the Kohistan-Ladakh arc (Beloussov et al. 1980; Kaila et al. 1982 Kaila et al. , 1984 Verma & Prasad 1987; Metlzer et al. 2001) .
The crustal thickness beneath the Nanga Parbat region is shown to be within average continental values of ∼45 km (Meltzer et al. 2001) but is thin compared to observations for the Tibetan plateau where Moho depths reach 80 km (Beloussov et al. 1980; Kaila et al. 1982 Kaila et al. , 1984 . We consider whether laterally traveling surface waves which experience scattering and multipathing are influenced by velocity structure in the far field surrounding our study area. Phase velocities observed for studies in surrounding regions are shown in Fig. 4 
(b).
Other studies using surface waves in Central Tibet (Bourjot & Romanowicz 1992; Rapine et al. 2003) and the eastern syntaxis (Yao et al. 2006 (Yao et al. , 2010 Fu et al. 2010) are as low as our velocities we observe in the western syntaxis within 5-6 per cent. Phase velocities in all regions of the plateau are remarkably lower than the Indian continent by 10-20 per cent at periods below 40 s. In these regions, phase velocities at higher periods above 50 s increase and approach Indian mantle velocities, but remain 4-8 per cent lower even at 80 s.
Differences can be discerned between these studies that span the Tibetan plateau region. Phase velocities in central Tibet are significantly lower than average Indian Plate velocities at all periods by as much as 20 per cent at 30 s reducing to 5 per cent at 79 s (Bourjot & Romanowicz 1992; Rapine et al. 2003) . Phase velocities in the eastern (Yao et al. 2006 (Yao et al. , 2010 and western syntaxes (this study) are notably higher than velocities in central Tibet at all periods and is only 2-7 per cent below average Indian Plate values. We show that data from the western syntaxis in Nanga Parbat are higher than any region in central or eastern Tibet at periods above 50 s. The Nanga Parbat area is the only region that approaches velocities observed in the Indian lithosphere.
In the first set of inversions, we test for different starting models including a constant velocity model for all periods at 3.5 and 4.0 km s −1 as well as using the result from the first 1-D phase velocity inversion as a starting model. We also tested the number of iterations within an inversion, varying from 5 to 50. All final inversions used less than 12 iterations. While some variations are observed, all permutations using different starting models and multiple iterations do not deviate beyond the range of the error bars shown in Fig. 4 (b) (also see Table 1 ). Error bars represent 95 per cent confidence (2 SD) limits. This 1-D inversion produces a well-resolved dispersion curve due to the high number of observations (amplitude (Mitra et al. 2006) . Thin dashed line is the best fit phase velocities predicted by the shear wave velocities shown in Fig. 7a. (b) Comparison of 1-D phase velocity results to surface wave dispersion curves from previous studies in the eastern syntaxis (Yao et al. 2006 (Yao et al. , 2010 , north and south Tibet (Rapine et al. 2003, circles) and north and south central Tibet (Bourjot & Romanowicz 1992, squares) . Phase velocities from North America are shown for comparison (Li et al. 2003) . (c) Velocities for geologic regions defined in our study area as shown in Fig. 3 , for the Eurasian Plate, Kohistan-Ladakh arc and Nanga Parbat massif (black squares, dashed line), the Indian subcontinent (grey triangles, dotted line) and the high-error outer nodes (white circles, no line) compared to Indian continental velocities (Mitra et al. 2006). and phase data from each event) and the small number of model parameters.
In the second step, we invert for velocities in two geologically distinct areas separated by major faults. The nodes are partitioned to compare the region north of the MMT (Eurasian Plate, KohistanLadakh arc) with the region south of the MMT (the Indian subcontinent and NPHM), as depicted in Fig. 3 . We use our 1-D phase velocity result (Fig. 4a) as the starting model. Restricting nodes to vary by geological region provides additional a priori information from independent studies including surface geology, fault locations, etc., to help constrain the inversion. Regional phase velocity results are shown in Fig. 4(c) . The phase velocities for nodes north of the MMT are higher than velocities in the Indian Plate crust at periods of 20-25 s. This trend reverses from periods between 29 and 40 s, where phase velocities in the Indian Plate increase sharply and are as much as 8 per cent higher than velocities in the region north of the MMT. Between 35 and 60 s, phase velocities in the two regions are not distinguished within the error. The highest periods from 65 to 79 s display high velocities in the Indian Plate that are resolved at 65 s and may persist at 79 s. 
T W O -D I M E N S I O N A L P H A S E V E L O C I T Y
In a third set of inversions, we solve for lateral phase velocity variations by allowing velocity to vary at each node independently. We use two different starting models for the 2-D inversions. First, we use the 1-D average phase velocity results (Fig. 4a) . Second, we use phase velocity results obtained from our two-region inversion ( Fig. 4c ) as a starting model. We test the velocity results for both cases and find that they are consistent within error. However, we expect the phase velocities differences in the two geological regions obtained from the second inversion to provide added a priori information for periods below 40 s. We show phase velocities using the latter case in Fig. 5 . Since this inversion allows each node to vary independently, the number of model parameters increase significantly. Although errors are notably higher in this inversion (Fig. 5 , lower right-hand side), some features are observed consistently across a range of periods which are well resolved.
At all periods below 30 s, the Nanga Parbat massif displays a linear low velocity anomaly that is 4 per cent lower than surrounding regions, and is oriented in a NE-SW direction consistent with the axis of the NPHM. High velocities are observed west and east of the NPHM within the Kohistan-Ladakh arc. The Kohistan-Ladakh arc is known to be an accreted oceanic arc system (Bard et al. 1980 ) composed of basaltic crust that has higher velocities than average continental crust. At higher periods, from 30 to 50 s, velocity structure demonstrates a linear trend that changes orientation to the NW-SE direction and is nearly perpendicular to the NPHM. These periods have increased sensitivity to depths below the Moho. At higher periods above 30 s, nodes south of the MMT, within the Indian Plate, show the highest velocities compared to nodes north of the MMT which includes the Kohistan-Ladakh arc and the Eurasian Plate.
A Z I M U T H A L A N I S O T RO P Y
In the 2-D inversions, we solve for velocity and anisotropy simultaneously. We consider one uniform direction of anisotropy averaged over the study area for each period. Anisotropy for all periods from 22 to 80 s displays a uniform fast direction of NNW-SSE, excluding periods 25 s and 40 s. The magnitude of anisotropy indicates approximately per cent 1.5 peak-to-peak that is constant for all periods. The result at 25 s is not resolved from zero. The high point at 40 s is only half a percent higher than adjacent periods within error, and may be due to a trade-off between anisotropy and velocity where 1-D phase velocities (Fig. 4a) show a local minimum at 40 s. It may also be sampling complex structure across the Moho, as Rayleigh waves at this period travel through Moho depths. We note that our inversion solves for anisotropy averaged over the study area. This may average spatially disparate anisotropy values. With this station geometry we are unable to resolve more complex lateral variations in fast-direction. 
S H E A R WAV E V E L O C I T Y
Shear wave velocities are obtained by an inversion where phase velocities are predicted from a starting shear velocity model and compared with phase velocity results (e.g. Fig. 4a ) to produce the best-fitting shear velocities as a function of depth after previous methods (Weeraratne et al. 2003) . Final shear velocities are calculated using partial derivatives from Saito (1988) relating phase velocity to shear velocity. Although Rayleigh waves depend on S-wave velocity more than P velocity or density, Rayleigh waves have the greatest sensitivity to P velocity in the crust. Thus we fix the ratio of P-to-S velocity to that of the starting model.
We show results from three sets of shear wave inversions in Fig. 7 . In each case, we modify the AK135 model to incorporate a thicker crust with velocities obtained by previous studies as given below. We consider previous studies of crustal structure in the area to provide reasonable crustal thickness and velocities for our starting model. These velocities provide a priori information to guide the inversion. We then solve for any changes to these starting velocities. For the Kohistan region, Ladakh arc and Eurasian Plate (squares in Fig. 3 ), we use a starting model with a 60 km crust based on gravity studies (Verma & Prasad 1987) , and velocities which are slightly higher than the Indian Plate. The Kohistan/Ladakh arc is known as an ocean island arc, with higher velocity basaltic crust. The Eurasian Plate region has crustal thickness that varies from 70 km in the south (just north of the MKT) to 80 km in the northeast, based on results from active source seismic experiments (Beloussov et al. 1980; Kaila et al. 1982 Kaila et al. , 1984 . The starting model for the Indian Plate (triangles in Fig. 3 ) uses a crustal thickness that varies from 40 km in the south to 55 km at the MMT boundary. Previous studies have shown that the crustal thickness in the NPHM is 45 km, based on receiver function methods (Meltzer et al. 2001) .
Shear wave velocities inverted from the uniform phase velocities (Fig. 4a ) averaged over the entire study area are shown in Fig. 7(a) . Crustal velocities in our study area are notably lower than the starting model (thin black line) by as much as 10 per cent. This profile averages velocity over all areas in our study, and therefore includes lateral variations in crustal thickness that may produce the sharp change in the velocity gradient at 45 km (where previous studies show the Moho is observed in the Nanga Parbat massif (Meltzer et al. 2001) . This may also indicate sensitivity to higher crustal thicknesses in the Kohistan-Ladakh arc and Eurasian Plate. A gradual increase in velocity is observed from 40 to 90 km depth. The low velocity zone in the lower crust reverses at 60 km and increases to velocities which are 10 per cent higher than the starting model for the mantle at 90 km depth. Sensitivity to sub-Moho depths is achieved in all regions at 90 km. Shear wave velocities below 90 km depth decrease gradually and converge with the starting model at 150 km depth.
We identify which subregion within our study area may have the strongest influence on the average velocities observed in Fig. 7(a) by inverting for velocities at each grid node. Shear wave velocities for each node in different regions are shown in Fig. 7(b) . Since these regions all have different crustal thicknesses, we show the AK135 model for general comparison. The black lines in Fig. 7(b) describe the Eurasian Plate and display the lowest velocities in the lower crust, at depths shallower than 60 km, compared to all other regions. Velocities at depths below 80 km sample the lithospheric mantle in all regions. The velocity anomaly in the Eurasian Plate reverses and is 6 per cent higher than AK135 between 80 and 120 km. Below the crust, the Eurasian Plate velocities are intermediate between Kohistan-Ladakh and the Indian Plate regions.
The Kohistan-Ladakh arc (medium grey) has intermediate velocities in the lower crust but at lithospheric depths below 80 km, exhibits velocities that are higher than all other regions in our study, exceeding the AK135 model values by 11 per cent. Velocities for the Indian Plate (light grey) also include nodes for Nanga Parbat, and are intermediate in velocity compared to other regions at crustal depths, and demonstrate velocities close to AK135 at lithospheric depths between 80 and 140 km.
We invert phase velocities within the two subregions divided by the MMT in our study area (squares and triangles in Fig. 4c ). This provides a better constrained inversion of geologically distinct regions than the case where each node is allowed to vary individually (e.g. Fig. 7b ). Shear velocities for the region north of the MMT are shown in Fig. 7(c) , and nodes in the region south of the MMT are shown in Fig. 7(d) . For the region north of the MMT, we use a crustal thickness of 60 km consistent with previous studies as mentioned above. Shear velocities in the northern region (Fig. 7c) closely follow the starting model in the upper crust at 3.4-3.7 km s −1 at depths from 0 to 20 km. In the lower crust at 20-60 km depth, velocities decrease to a minimum of 3.2 km s −1 and are 8-12 per cent lower than the starting model. This indicates a significant low velocity zone (LVZ) in the lower crust of the region north of the MMT. Below the Moho at depths deeper than 60 km, mantle velocities increase to 4.7 km s −1 at 95 km depth and decrease to velocities consistent with the starting model at 150 km depth. We can therefore infer a high velocity anomaly at 95 km, but the large sensitivity kernels of long period Rayleigh waves and limited ray paths in the northern region of our study produce large errors meaning this deviation from the starting model is not statistically significant within error.
Velocities in the region south of the MMT are shown in Fig. 7(d) . Here the crustal thickness estimated from previous studies is ∼45 km (Melter et al. 2001) and is reflected in our starting model. Velocities in the upper crust are significantly lower than the starting model dropping from 3.3 km s −1 at the surface to 2.9 km s −1 at 15 km depth. This shows a low velocity zone in the upper crust of at least 10 per cent. Velocities are observed to increase in the lower crust and are consistent with the starting model at 35 km depth. Below the Moho, velocities increase gradually from 3.65 km s −1 at 35 km depth to 4.1 km s −1 at 50 km depth. Below 50 km, shear velocities are slightly higher than the starting model reaching a maximum of 4.7 km s −1 at 65 km depth. This high velocity anomaly decreases at deeper depths and closely follows the starting models below 80 km.
Errors in shear velocity are indicated in each figure. The vertical length of errors are given in Table 2 . Errors in vertical depth represent resolving lengths or the range over which the rank (diagonal elements of the resolution matrix) of the points within each box sum to 1.0. This represents one resolved piece of information about the region's shear wave velocity or one linearly independent combination of model parameters. Shear wave velocity errors are therefore presented (Fig. 7) as a function of the rank in each layer. Rayleigh wave sensitivity kernels are largest at the longest periods, therefore sampling thicker depth layers and giving larger errors at deeper depths. Velocities may nonetheless be smoothly increasing at deeper depths within the error limits.
N P H M E X H U M AT I O N A N D U P L I F T
Phase velocities within the Nanga Parbat massif and neighbouring Kohistan-Ladakh area show a significant low velocity anomaly at periods less than 45 s that is ∼11 per cent below average Indian Plate values (Mitra et al. 2006) . Shear wave inversions indicate the source of these low velocities come from an LVZ in the upper crust (Fig. 7d) of the region south of the MMT (which includes the Nanga Parbat region where we have most of our stations) and an LVZ in the lower crust of the region north of the MMT (Fig. 7c ). This bimodal character suggests two distinct mechanisms for crustal deformation. We suggest that channel flow (e.g. Royden et al. 1997 ) is active in the lower crust of regions north of the MMT (including the Karakoram range and parts of the Tibetan Plateau sampled by our ray paths). In Nanga Parbat and regions south of the MMT, however, where the lowest velocities are observed in the upper crust, we suggest that crustal movement is governed by uplift and exhumation. We consider whether ray path sampling of surface waves that travel laterally through regions surrounding our study area such as central and northern Tibet may also influence our results. The low phase velocities we observe at periods below 45 s corresponds to depths in the lower crust and upper mantle from depths from 0 to 50 km. Comparison of our results to other studies in Fig. 4(b) shows that velocities observed by independent studies (Bourjot & Romanowicz 1992; Rapine et al. 2003) in the areas outside our study also report low velocity anomalies for periods below 45 s. The regions of central and southern Tibet which may have the strongest influence on our ray paths display phase velocities which are 4-6 per cent lower than what we show for Nanga Parbat. However, if our results are due to averaging of structure between Nanga Parbat and its surrounding areas, a significant low velocity anomaly compared to Indian Plate values (dashed line Fig. 4b ) must still be present to produce the velocities we observe below 45 s. Thus, a low velocity anomaly of at least 7 per cent below average Indian Plate values is required by our data.
The observation of low velocities of 10 per cent or more at periods below 45 s in all areas of the Tibetan Plateau including the central and northern regions (e.g. Bourjot & Romanowicz 1992; Rapine et al. 2003) as well as the eastern (Yao et al. 2006 (Yao et al. , 2010 Fu et al. 2010; Zhang et al. 2011) and western syntaxes (this study), suggests anomalous crustal properties and processes compared to typical continental crust globally. Low velocities in southern and eastern Tibet, associated with high heat flow (Francheteau et al. 1984; Wang 2001 ) viscous dissipation (Molnar & England 1990; Kincaid & Silver 1996) , or partial melting (Nelson et al. 1996) have been modelled as channel flow in the lower crust (Royden et al. 1997; Clark & Royden 2000; Klemperer 2006; Rippe & Unsworth 2010) . In the Nanga Parbat western syntaxis, such a model would be consistent with the low velocities we present here as well as studies of fluid inclusions in quartz veins and pegmatite dykes (Craw et al. 1994; Winslow et al. 1994) across the Nanga Parbat massif that bear evidence of a steep geothermal gradient of 58
• C km −1 to more than 100
• C km −1 in the upper crust. However, magnetotelluric studies performed in the Nanga Parbat region produce high resistivity values which preclude the existence of a large continuous body of melt within the lower crust (Park & Mackie 2000) . Disconnected regions of partial melt or isolated fluid-filled dikes may nonetheless be present in small volume fractions.
Thus we consider a different model to explain the low velocities in the NPHM. The low seismic velocities presented here for the region south of the MMT are consistent with the tectonic aneurysm model for rapid advection of hot material from depth described by (Zeitler et al. 2001) . The average uplift rate for the NPHM is estimated to be around 3-4 mm yr −1 over the last 10 Ma (Whittington 1996 ). An acceleration in uplift rate over the most recent few million years is suggested by fission-track dating and geochemical analysis, which indicate rates of 4-8 mm yr −1 (Zeitler et al. 1993; Winslow et al. 1994) . Dating of river-cut bedrock with ages of 32 kyr suggest incision rates of 2-12 mm yr −1 (Burbank et al. 1996) . These rapid uplift rates indicate that crustal rocks may be exhumed faster than they can cool conductively. Such rapid exhumation may be responsible for high geothermal gradients observed in this region (Craw et al. 1994; Winslow et al. 1994) , is consistent with the high resistivities found by magnetotelluric studies (Park & Mackie 2000) , and can explain the low seismic velocities we observe in the crust of the NPHM (Figs 4, 5 and 7) .
Elevated temperature gradients are also suggested by the gradual increase in velocities across the Moho in Fig. 7(d) (MMT south) . Such a gradual positive velocity gradient at the Moho is unusual and suggests the presence of temperature effects in the lower crust and upper mantle which would produce a smooth increase in velocity rather than a sharp velocity jump (as is observed in Fig. 7c where the more typical compositional boundary at the Moho at 60 km is distinct).
The low velocity zone observed in the region north of the MMT (Fig. 7c) is restricted to the lower crust and may be consistent with models for lower crustal channel flow as has been suggested for the Tibetan Plateau (e.g. Royden et al. 1997 ). Phase velocities above 50 s in Nanga Parbat approach average values for the Indian Plate and are significantly higher than velocities in any region of the Tibetan plateau (Fig. 4b) . Velocities observed by previous studies in central Tibet, for example, are 4-8 per cent lower than average Indian Plate values (Fig. 4b, squares) at periods of 40-80 s. These low velocities at long periods may be caused by the unusually thick crust on central Tibet of ∼80 km. We suggest the observation of high velocities at long periods in Nanga Parbat may indicate the presence of unaltered lithospheric mantle or exhumation of the Indian lower crust and lithosphere. While Rayleigh waves at this depth range may indeed be sensitive to thicker crust in surrounding regions, this multipathing would cause lower velocities rather than higher seismic velocities in our study area. Therefore, the high velocities we observe at periods above 50 s are conservative and may even be underestimated.
L I T H O S P H E R I C S T R A I N A N D D E F O R M AT I O N I N T H E W E S T E R N S Y N TA X I S
Anisotropy at all periods is strong at 1.5 per cent peak-to-peak, with a consistent fast direction of NNW-SSE (Fig. 6 ). Although this may average lateral variations in anisotropy, fabric alignment in the NNW-SSE direction is clearly dominant. This fast direction is consistent with the least principle stress direction of the India-Eurasia convergence zone. Anisotropic fabric with a NNW azimuth thus persists from 30 to 100 km or deeper, in the lower crust, lithosphere or sublithosphere. This azimuth is roughly perpendicular to the axis of the massif itself, suggesting that the massif is a shallow crustal feature and lithospheric deformation in this area is controlled by large scale tectonic forces of plate convergence.
Azimuthal anisotropy from Rayleigh waves can be used to predict shear wave splitting delay times. We consider a 100 km block at depths below the Moho where anisotropic minerals are dominant. This is consistent with periods between 40 and 80 s, corresponding to a depth range of 50-150 km where we observe a uniform magnitude of per cent 1.5 peak-to-peak anisotropy. Our observations for azimuthal anisotropy predicts less than 0.5 s of shear wave splitting uniformly distributed throughout the 100 km block. Previous studies of shear wave splitting for the same stations in this area have observed 1.0-1.5 s of splitting from SKS phases (Weeraratne et al. 2004) in the lithosphere or sublithosphere, with a NW-SE polarized fast direction that is consistent with the azimuthal anisotropy obtained from Rayleigh waves presented here. This indicates that 1.0 s of splitting must be accommodated at deeper sublithospheric depths. These combined results imply that the lithosphere and sublithosphere in the western Himalayan syntaxis is deforming in response to NE-SW directed collisional stresses between the Indian and Eurasia plates that produce alignment and deformation in the NNW-SSE least principal stress direction, parallel to the collision axis.
CONCLUSION
The Nanga Parbat Haramosh massif (NPHM) is located in the western syntaxis of the continental-continental collision zone between India and Eurasia. The massif is a NE-SW oriented antiform flanked by the MMT fault and the Raikhot and Diamir shear zones which wrap around the syntaxis. These faults accommodate vertical uplift of the crustal-scale pop-up structure. We study this region using a Rayleigh wave inversion, which represents perturbations in the wavefield as the interference of two plane waves. Phase velocities in our study area are significantly lower than crustal velocities in typical Indian continent by at least 7 per cent for all periods below 45 s. Above 50 s, phase velocities increase gradually and are consistent with average Indian Plate mantle velocities above 60 s.
Comparison of our results with other studies in the Tibetan plateau indicates that a similar low velocity anomaly is observed below 45 s in eastern Namche Barwa syntaxis. This anomaly increases to 10-20 per cent for central Tibet where low seismic velocities are associated with ductile flow in the lower crust (Royden et al. 1997; Clark & Royden 2000; Klemperer 2006; Rippe & Unsworth 2010 ). While a model for lower crustal channel flow is used to interpret low velocities in the region north of the MMT and the central Tibetan plataeau, this model is not consistent with high resistivity values found by magnetotelluric studies in Nanga Parbat (Park & Mackie 2000) . We suggest that anomalous low velocities in the crust are caused by high geothermal gradients due to rapid exhumation of the massif. Unroofing of the massif is facilitated by intense erosion and incision by the Indus river, causing tectonic uplift. Deeper and hotter mantle material is then exhumed as an isostatic response to removal of the surface crustal load. 3-D phase velocities in map view exhibit a 4 per cent low velocity anomaly with a NE-SW trend at periods below 30 s, and changes orientation to a NW-SE direction at periods from 30 to 50 s. Anisotropy at all periods is strong at 1.5 per cent peak-to-peak, with a consistent fast direction of NNW-SSE.
We invert phase velocities for 1-D shear wave velocities as a function of depth. Shear velocities show a low velocity anomaly in the lower crust of the region north of the MMT, which only exists in the upper crust of Nanga Parbat. The velocities in the region south of the MMT reverses at lithospheric depths below 60 km and is slightly higher than our starting model. The combined observation of high velocities and strong seismic anisotropy at lithospheric depths with a NNW-SSE fast direction suggests deformation that is consistent with the least principal stress direction of the IndiaEurasia convergence zone.
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